INTRODUCTION
Substitutions of Ce3+ and F' ?+ ions to Ymium iron garnets have been reported to enhance large magneto-optical (MO) effect in the visible to IR region. Some most likely origins have been suggested for explaining these MO enhancements: For Pr, a paramagnetic transition located around the wavelength of 550 nm [I] and 4f-5d transition at 3.1 -3.3 eV 121 were proposed. It has been suggested that the MO enhancement by Ce may be caused by 4f-5d transition of Ce3+ [3] or Ce3+ -Fe3+ charge transfer transition in the near IR [4, 51. In any cases, electronic state of the rare earth ions plays a significant role in the MO enhancements; e.g. formation of nonmagnetic Ceb in Ce:YIG reduces the MO enhancement factor. Therefore, to clarify the relationship between the valence of the MO enhancement ion and MO properties of iron garnet is of interest.
In order to examine contributions of Ce4+, F' ?+ and Pr: on MO properties of the iron garnet, we have prepared Y,RlFe,.~iXO12 (R= Pr, Ce, x=O,0.3,0.7) epitaxial films, where the replacement of Fe3+ by Ni2+ requires the valence change of Pr and Ce ions from 3+ to 4+ for charge neutrality. In this paper, we describe the relationship between the valence change of the rare earth ions and MO properties in their films, and discuss the contributions of Ce4', Pr3t and Pr4+ to the MO properties.
The films were epitaxially grown onto (111)-oriented Gd3G%0,, (GGG) single crystal substrates heated up to 550'C, by rf diode sputtering. We used ceramic targets with the above stoichiomehic compositions. Hereafter, the prepared film is nominally represented by the target composition. The films were deposited at a rate of 5 nmlmin in Ar (50 mTorr) under the rf incident power density of 5.6 W/cmZ.
The composition of the prepared films was determined by electron probe microanalysis. The valence of Pr and Ce ions was estimated by X-ray photoelectron spectroscopy (XF' S) of 3d core-level electron, where Pr,Ol,, Pr203 and CeO, powders were used as a reference. Pr@, powder was obtained by annealing Pr,Oll at 1000 'C in H, for lh. Faraday effect was measured by polarization modulation method using a photoelastic modulator in the photon energy range of 1.5 eV to 4.2 eV.
3.RESULTS AND DISCUSSION
The epitaxial films with (111) plane parallel to the film surface were successfully grown in siru on GGG at temperatures above 400'C. The chemical composition analysis showed that these films are iron deficient. The iron deficiency amounted to about 5 at.% in Ce, Ni: YIG films while, in Pr, Ni:YIG films, varied from about 25 at.% for GO to 18 at.% for x=0.7. Though the iron deficiency was rather high, no second phase was detected by X-ray diffraction for these films.
The lattice constant of the prepared Ce, Ni:YIG film decreased with increasing Ni concentration x, which reflects the formation of Ceb with much smaller ionic radius than Ce3'. The valence change of Ce3+ to Binding energy (eV) Fig. 1 PI 3d -z ~, . , , l , , , , , , , , , Photon energy hv (eV) Fig. 2 Faraday rotation spectra.
and h203 powd&f& comparison. The spectra of all films apparently exhibit two --broad peaks around the binding energy of 927 eV and 932 eV, similar to that of P@,, Photon energy hv (eV) in energy position and spectral shape. These results imply that both of Pr3+ and Pr4+ ~i~. 3 Faraday rotation and ellipticity exist in the films and the ratio of Prh to F' ?' is changed by the Ni substitution little. qecm for Pr:YIG film in the UV region.
The latter may be associated with the change of iron deficiency by Ni2+ substitution seen in above composition analysis; the NiZt substitution is not charge-compensated those of YIG thin film. The Faraday rotation spectrum for the FYYIG film is similar to that for YIG film, though they cross each other at 3.1 eV, while ellipticity spectrum of the Pr:YIG film greatly shifts from that of YlG film to the side of negative sign. The Pr contribution to these spectra is clearly demonstrated by subtracting the spectra for YIG film from those for Pr:YIG film. The results are shown in Fig. 4 . The spectra of the subtracted rotation F,, and ellipticity X, obviously show a paramagnetic type dispersion centered at hv=3.1 eV and additional structure at hv> 3.5 eV. The negative Faraday rotation due to F'?' observed in the visible is dominantly ascribed to this dispersion at 3.1 eV, as judged from the spectral shape. The optical absorption for the above thin film exhibited a broad shoulder around 3.1 eV, superposed on the absorption edge by the charge transfer transition of iron-oxygen. To assign the transitions caused by Pr ion, we also measured optical absorption spectrum of Y2Pr,AI,OI2 epitaxial film. The spectrum showed large absorption peaks around 3.5 eV, 4.2 eV and 5.2 eV, not around 3.1 eV. This suggests that Fe ion, as well as Pr ion, takes part in the transition giving the above dispersion at 3.1 eV. The absorptions around 3.5 eV and 4.2 eV is presumably associated with p r o d u d by A1 deficiencies in the film, because the 4f-4f electronic transition expected for P13' is weak in strength and not in the photon energies between 2.8 eV and 5 eV. These transitions would be responsible for the additional structure seen at hv> 3.5 eV in Fig. 3 , and consequently a little bit increase of Faraday rotation in negative sign observed by the Ni substitution. The absorption peak at 5.2 eV is strongest, assigned to 4f-5d electronic transition of Pr3+, taking the position in energy of the lowest d-band edge for Pr3' in PrF3 and so-called the nephelauxetic effect into account. Further detailed study on original transitions giving the MO spectral structure in the high photon energy region is required.
CONCLUSION
We have in situ grown the Y,R,(Fe, Ni),012 epitaxial films (R= Pr, Ce) on GGG (11 1). The enhancement of Faraday rotation by Ce3+ reduced with the valence of Ce ions changing from 3+ to 4+ by Ni substitution. On the other hand, Pr, Ni:YIG films showed negative Faraday rotation in the visible, the magnitude of which a little bit increases with the Ni substitution. The negative rotation in the visible is dominantly ascribed to a paramagnetic dispersion observed at 3.1 eV. The increase of Faraday rotation by Ni substitution may be caused by the spectral structure at hv> 3.5 eV, associated with w+.
